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:“’ OIL th~:.LEs UNDER DYNAMIC STRESS

!lartOlinger
9

Los Alamos Scientific Laboratory
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INTRODUCTION

The Los Alarms Scientific Laboratory has recently begun de~’elopment

of techniques to fracture oil shaie
,,

earth’s surface. The resulting sha’

in-place retorting of organic mater

beds hundreds of meters beneath the

e fragment sizes must per’mit eff~cient

al from the shale. The initial ph,ase

of the program requires the determination of the pro~erties of the shales

urlder dynamic compression. These properties and those of the p;oposed

explosives form the base for computer modeling of field events. Herep the

dynamic pr~perties of oil, shales and the experimental techniques used to

determine them are discussed.

ELASTiC PROPERTiES 1

The determination of the elastic constants of oil shales is the first

step towards understanding the shale’s response to both static and dynamic

stresses. Previous investigators have treated the shale as a transverse

isotropic solid (1); (2), (3) since it consists of fine bedding

planes each of whi,ch is nearly hornogenous and has properties that are

repetitive in the direction perpendicular to the beds.

The shaies studied have come from the Anvii Points Mine, near Rifie,

Colorado. Thirteen shaie

2.5 l!g/m3 were ground and

lists the minerais found

to oniy five minerals--do

sampies spanning the density range from 1.5 to

x-ray patterns were take: of each. Table !

n the samples. The assemblages were restricted

omite, quartz, analcime, calcitq and albite.

Compared to reports of minerals from other oii shaics, these shales were



unique in the large percentage,of analcime (analcife) present, the
,

sparsity of calclte and the absence of diffraction p.itterns from others
.

such as pyrite, Illite, and micro;line. Thiq secti s clearly show the

presence of pyrite, though only in s~ll -writs Corl-ntrated within CCV7RIN

layers. Once the minerals were Identified and their, vofume perceritages

estimated by mkimg comparisons with control mixes of pure minerals, it

was found that th~ kerogcn volume content could be readily estimated

from the total density of the shale samples and the calculated density

of the mineral assemblages, which was restricted to a narrow range of

fr& 2.6 to 2.7 Mg/m3 (Table l);. The analclme content lowered the dens~ty

of the shales sllghtly making the oil yield for a given density lower

than what is normal for Green River oil shales (4).

The shales were prepared for sound speed measurements by cutting them

into plates 30 to 60 m in diameter and 3.O-to 7.5-rrmn-thick at angles 0°,

45°, and 90° to the bedding. Densities were’ determined using the submersion

method. The sound speeds were determined from the difference In time an

ultrasonic pulse took to traverse an aluminum plate and the combination of

the same aluminum plate and an oil shale plate. Because of interferences

of the ultrasonic pulses at the shale bedding interfaces, only first pulse

arrivals were measured; Specifically, an aluminum plate is set between

the transmitting and receiving 22-rmn-diameter transducers (10 MHz x-cut

quartz for longitudinal modes and 5 tlHz y-cut quartz for shear modes).

The first signal arrival through the plate is s~t to a fiducial on the

screen of a Tektronix 454 oscilloscope. The received pulse Is amplified
.,,

L
“y a Tektronix 461A wideband amplifier. The oil shale specimen plate is

placed between the transducers along with the aluminum plate. A suitable

oil or resin 1s used to-bond all sample-plate-transducer interfaces. The
. ., \



first signal arrival is again reset to the fiducial using the time-mark
\

generator-cal ibrated “delay-time-multipl ier” dial of the oscilloscope. The

difference in the transit ?ims of the al~inm plate and,the plate with shale

is determined frcm the change in the “delay-time-multiplier” dial reading.

Plots of wave velocities for five different propagation modes measured

for this assumed transverse isotropic solid are displayed in Fig. 1 as a

function of density. Because of the large scatter in the values of any one’

velocity at a given density, tw linear fits having. radicalli different

slopes joined at a density of 2.0 Hg/m3 were chosen to represent each of the

velocities as a function of density. The density, 2.0 Mg/m3, roughly
.

correlates with the density of 2.14 Hg/mJ, which is calculated for a close-

3 (averagepacked sphere system where the spheres have a density of 2.65 llg/m

for the mineral assemblages) and the interstitial material has a density of

1.o5 Mg/m3 (density of kerogen ~4]),. At

according to the model, intimate contact

to break down ani the velocitiesreflect

minerai particle5.

densities less than 2.14 Hg/m3,

between the mineral grains begins

those of kerogen containing floating

The linear fits of these 5 velocities, and a description of each are

listed bel~.

V, = 3.20 + 0.50 (P-I.4) kM/S p - 1.4 to 2.0 Mg/m3

= 3.50 + 4.10 (p-2. o) Ium/s p = 2.0 to 2.5 flg/m3 (1)

V, is the longitudinal velocity directed parallel to the shale bedding,

V3= 2.45 +0.50 (P-i.4) kinds p=l.4to

= 2.75 + 4.10 (p-~.o) kM/S p = 2.0 to

V3 is the longitudinal velocity directed perpend

V4 = 1.20 + 0.67 (P-1.4) knl/S p=l.4to

- 1.60 + 2.50 (p-2.o) ids p= 2.0 to

2.0 Mg/m3

2.5 Mg/m3 (2)

cuiar to the shale bedding.

2.0 Mg/m3

2.5 t4g/m3 (3)

-.
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. V4 is Lbtt, the

the shale, and

shear velocity directed perpendicular to the bedding of

tile shear veloclty directed parallel to’the bedding with

,
particle motion perpendicular to the bedding.

V5 = 2.75+0.50 (P-1.4) ‘,P- 1.4 to2POMg/m3 “

-3.05+4.10 (p-Z*o) p= 2.0 to 2.5 llg/m3 ,4)

“ V5 is called a quasi-longitudinal velocity directed at 45° to the bedding.

V6=’1.70 +0.50 (P-1.4) ,p- 1.4 to 2.0Hg/m3

=. 2.00 + 2.75 (p-2.0) p- 2.0 tO 2.5 Hg/m3 (5)

V6 is-the she#r veloclty directed parallel to the bedding with the
P

particle mtion also parallel to the bedding.

The elastic nmduli of the shales can be determined as a function

of density from the velocity-density relations above and the elastic

moduli-densi ty-veloci ty rcla.tions for transverse isotropic or hexagonal

symmetry. The bulk moduli range from 5.0 GPa for 1.4 tlg/m3, ‘to 7.2 GPa

for 2.0

In

so that

flg/m3, and to 29.6 GPa for 2.5 Mg/m3.

the measurements reported above, porosity was cdrefully avoided

a correlation between density and sound speed could be established.

The effect porosity and water saturation has on sound speeds and elastic

modul; was measured on a highly porous (12%), low kerogen-content oil

shaie frcnn the Anvil Pointstline. The sound speeds of 30 samples cut at

0°, 45°
0

, dnd 90 to the bedding were determined both dry and saturated ,

with water.

These measurements showed that the 12% porosity appears to have

iowered veloc

V6-23%). Fil

velocities by

lowered all e

ties between 14% and 23% (V,-21$, V3-17%, V4-14%, V5-17%,

i ng

I o%

ast

the pores with water further lowered the longitudinal

and the shear velociti~s by 20%. The porosity apparently

C moduli by 35% to 45%. The “diagonal” moduli further



decreased when the shale was saturated, bunt the “off-diago~l~l” I .~duli ‘

“ increased as did the bulk ~dulus.

The velocities and modull of the end members of the oil shales, the

kerogen ’and the mineral assemblages, can be projected frun the velocity fits.

3 then using theif the density of-kerogen is assumed to be 1.05 Mg/m ,

velocity, fits for the lower density shales, the bulk’modulus of kerogen
\

is calculated to be 3.64 GPa (V$= 1.86 km/s). If the density of the

mineral assemblage is assumed’ to be 2.65 Mg/m3, then using the velocity

fi”ts for the higher density shales, the bulk modulus of the assemblage is

calculated to be 40.3 GPa (V = 3.90 km/s).
o /

/

DYNAMIC TENSILE STRENGTHS

In a shock wave’s divergent propagation’from both sphetical and cylin-

drical detonations, the initial positive compression rapidly converts into

tension, particularly the tal}gential component. This dynamic tensile s~ress

is a major contributor to the fract’lre of the surrounding rock. Anoth&r

form of fracture, though minor,- caused by dynamic tensile stress is spalling.

Spailing occurs behind a free surface at which a finite shock-wave reieases;

the resulting rarefaction wave frcxn the free surface and rarefaction wave

following the shock collide and form a spreading tension wave. Thus, the

dynamic tensile strength of rock is an important property to be determined

when attempting to predict the fracture pattern of a rock in response to

detonation. Here two techniques are described for determining the dynamic

tensile strength of oil shaies; the results of studies using these techniques

are presented.

The fltist technique involves the

of the free surface of a plate of oil

determination of the veiocity proflie

Shale which has been impacted. This

is done by monitoring the change in capacitance ~etween the free curface of



the oil shale on which has been deposited a thin (1000 8) metallic coat

&ad a polarlzed parallel plate. The associated electronic circuit iS

designed so that the signal voltage is proportional to the time rate of
*

change of’ the capacitance.

in this experiment the stress wave resulting from plate ~mpact pass

through the shale until the front of the stress wave reaches the free/.

surface. There the free surface moves out fran its static position at

a velocity approximately equal td the impact velocity.. An example of

a history of free surface nmtion interpreted from a capacitor record is

shmm in Fig. 2. The stress is relieved at the free surface and a release

wave propagates back toward the surface of impact. When the rarefaction

wave fol iowing the stress wave and the release wave from the free surface

coliide, a tension stress is created which begins to propagate toward

both the surfaces. if the tension at the point of coli ision creates a

span irtmnediately, the tension wave goes no further, and the free surface

continues to move out at a constant veiocity equal to the impact velocity.

However, if the tension does not’ cause spail irrunediately then at least

part of the tension stress wave reaches the free ?urface resulting in a
n

slow-down of the surface velocity, if no span occurs while the entire

sample is under tension, the free surface will return to zero veioeity.

The amount of velocity reduction is proportional to the magnitude of

the tensile strength. if the experiment propagated a 0.7-GPa stress pulse

through the shale, and the free surface veiocity was reduced by 50%

before the span stress reached the rear surface, then the tension which

caused the spali was approximately -350 IIPa. .

For the series of experiments conducted on three orientations of shale

at three impact velocities and various densities, the span strength can be /



estimated to be the order of -100 to -200 flPa. NO :l~r~ ~ .;! than this

could be obtained from the limited number o’f expor.inmn[s c~nducted.

The second technl,que involves impacting shales of known shock impedence

and orientation to bedding with a thin driver of” known shock !mpedence gen-

erating a weli defined shock In the shale. The impedence of the impector

piate is chosen so that the interface between the impactor and the sampie

separate after passage of the rarefaction wave from the rear free surface

of the impactor. llga~n,as in the previous technique, the rarefaction from

the impact surface of the shales and their other surface$which is free,col-

Iide in the middle reg

The target plate in wh

the shaies are removed

on of the shale samples creating a tension wave.

ch the shale samples are mounted is recovered and

and examined for span. The experimental config-

uration is shown ‘and described in Fig. 3.

The impactor plate used is Plexigias, P. = 1.186, its thickness chosen

to cause co!l ision of the rarefactions midway through the oil shale. Since

the shock velocity in shales are

longitudinal velocities at these

induced in the oil sh~le samples

within a few percent of their elastic

stress levels, it was assumed the stress

is approximately

P(GPa) = p (Mg/mJ) x CL (km/s) x u,, {h/s) (6)

where p is the density of the shale, CL is the measured elastic longi-

tudinal velocity, and u is the particle or interface velocity between
P

tl,e Plexiglas and shale. Since the stress levels induced were approxi-

mately 100 HPa

impact plate is

P(GPa) = p

(0.1 GPa, 1 kilobar), the stress induced in the Plexiglas

approximately

(Mg/m3) x CB (km/s) X (uD - up) (km/s)

where p is the density of the p

(7)

exiglas, CB is the bulk ●lastlc ve’ocity



,

as determined fran the Plexiglas Hugon Iot (CB = 2.598 km/s)D u. is the

part;cle or Interface velocity before Impact and up

interface velocity. At impact, both the stress and

in the oil shale and tho Plexiglas at the interface

shock wave in the 011 shale Is not overtaken by the

thickness of the impact plate is such as to prevent

is the particle or

the interface

are the S-.

release wave,

velocity

if the
*

and the

this, the magn!tude

of the maximum tension induced in the oil shale should nearly equal the

maximum stress induced In the shaIe.

(Po.s. Xcps. ) x (Pplexy. x c8PlexY. )
Tension - -uD (6)*

(po. s. x CLO. S.) + (p plexy. x CB plexy.~

.

where the O.S. subscript denotes 011 shale and plexy. denotes plexiglas.

Both the density and elastic longitudinal velocity of each shale sample are

determined before each impact experiment, and the impact plate velocity is

determined during the experiment (Fig. 3), thus the tension induced in each

sample can be readily calculated.

The diagnosis of an impact experiment is straightfo~ard. The target

plate is recovered in a large rag-filled tank, its back is removed and

the oil shale samples are pressed out. Each shale is examined for spailing.

If the sample spalled into two or more pieces, it is denoted by a dark

circle in Fig. 4. If a crack formed across the mid-plane of the sample,

but the two halves c~n not be readily separated from e~ch other, the

experimental point is denoted by a half fine+ circle. if the sample remains

whole, it is denoted by an

Here the tension induced in

shale’s density. The three

open circle. Figure 4 surninarizes the results.

the samples are plotted as a function of the

plots are for each of three orientations

studied. (See caption for explanation of orientation)o



.-

Six different sets of shale were Studied ::. T : “’ dynamic tensile

strengths; one set had ● de~sity of zpproxlmately l.~; ‘!q/m3, one set had
9

densities slightly greater than 2.0 Rg/m3, two sets had densities in the

vicinity of 2.2 Mg/m3, ●nd tw sets had densities near 2.3S Mg/m3. Only

general conclusions can be derived from Fig. 4. The shales with orientation

e = 0° are only slightly stronger than timse with orientation e = 90°. AS

the tw sets of shales having densities near 2.2.Mg/m3 clearly show, tensile

strengths can vary w[dely for a given density. it is not possible to resolve

a dependence of the tensile strength on density. The results do show that

for thesa six sets of shales, the tensile strengths fall somewhere between

-130 HPa and -30 flPa.

Felix (S) conducted dynamic tensile strength tests on similar shales

and found them to ~e about -10 MPa for ~ = 90° and -35 lqPa for o = 0° at a

density of about 2.2 Mg/m3.
~.

For a similar density the present results give

-20 and also -100 MPa for the two sets at 90° and -50 and also -110 MPa for

the two sets at OO. The tensile strengths found here are considerably {arger

than those found by Felix. The major differences in the two investigations

is the stress rates invcllved and the duration of the tension. The stress

rates for the two techniques described here are about -1 GPa/Ms. The tensile

stress rates in the experiments by Felix are -0.6 x iO ‘3 GPa/vs. in addition,

his material renains under tension for as long as 50 to 60 IJS, whiie the

shaies far the present experiments are under tension for only about 2 PS.

Obviously, the r,agnitude of these differences could account for the observed

differences in tensile strengths.

RESPONSE TO PLANE STRESS IMPULSES

Properties of oil shales to dynamic stress can best be determined from

the analysis of the degradation of finite stress impulses as they pas!

through the shales. Various techniques and analyses are currently used by

various laborato,-ies, mainiy originating at the Stanford Research institute



and the Sandia Laboratory at

The technique used hero

i~ulse at several depths In

consists of a stack” of shale

Albuquerque.

IS to measure the stress history of an

● shale sanple. The sample assemblY

plates all 40-IIHI in dlauneter. The first

plate !s 2-nsn-thick, the second and third plates are 4.5-mn-th!ck;

and the fourth Is 5-m-thick. The impactor plqte is usually 3-nsn-thick.
.

The density, elastic properties, and orientation of all plates are

matched. Between the shale plates of the sample assembly are 50-ohm

grids of O.01-nmn-thick manganin foil that cover an area of 40 mn2 in

the center regim; of the plates. The resistance of the grids are well

defined as a function of stress under impact conditions. The resistance

is deduced from the voltage generated at the null point of a pulsed

Whetstone bridge caused by the change in resistance of the manganin

grid. The sample-manganin gase stack is placed in a target plate and

surrounded by velocity pins. The entire assembly looks much iike that

in Fig. 3 except that the 6 smaii samples are replaced by the stack,

and the PiexigIas plate mounted on the hoi lowed Al projectile is replaced

with a shaie impactor plate. ,

in the upper left diagrams of Figs. 5, 6 and 7 are stress histories

recorded in three experiments on oii shales. The differences between

the experiments are the orientation of the bedding to the direction

of planar shock propagation, and the shale densities. The response

of the shales to the shock loading and unloading was calculated using

a computer code, GUINSY~, written by Lynn Seaman of Stanford Research

Institute. The theory on which the code is based and an explanation

of how the code is used was earlier described by Seaman (6). The



.

●

analysis requires the stress histur :,.>, , ~~rrelation of regions on

the stress profiles, the initial d~risit, Lf the

gage locations. From the analysis the specific

velocity, and Internal energy of the shales are

shales, and the Initial

volume, the patitic!c

correlated with the

stress as a function of time at each gage location. In the remaining

diagrams of Figs. 5, 6, and 7 are plotted particle velocity as a function

of the loading and unloading stress, strain, as ● function of the loading

and unloading’ stress, and the loading and unloading wave velocity as a

function of particle velocity.

These three sets of diagrams represent the responses of only three

combinations of many; other experiments and analyses have been completed

at the same three orientations on other densities of shales at other

stress ievels. These are available from the author. Here the general

character of the response of the shale to impact is described.

At stress less than I GPa, as illustrated here, no distinct elastic

wave could be detected moving out from the shock front; this normally

occurs in the shock-loaded deformation of solids that undergo elastic-

piastic yielding. The shock profiles do ex~iibit some dispersion with

the stress rise times increasing with distance. This

the shale yie!ds gradually under shock compression and

itself in the curvature of the stress-particle velocit

ndicates that

also manifests

and st;ess-

strain plots on loading. It is also indicated by the decrease in the

loading wave velocity with increasing particle velocity or st’ress.

Several investigators have proposed yielding models for this phenomenon

(3), (7), (8), buk models for the response of oil shale to shock

corr:pression are beyond the scope of this study. The stress .r”ise

time at stress levels of the order of 3 GPa exhibit no dispersion

.



s how ng that the shock

The velocities of

the saw value as - or

,
wave had overrun the elastic component.

the shock waves at stresses less than I GPa have

are several percent smaller than the velocity

of the longitudinal wave,again” indicating a strong elastic component.

This also means that at low stress levels the shock wave velo~~ty depends. .

strongly on shale

or unloading wave

velocities except

density and orientation. The rarefaction velocities

velocities are 20% to 30% faster than the shock

for the 30° orientation where the initial shock

velocity is anly several percent slower than the raref@tion velocity,
//

but the velocity of the shock front decreases rapidly with increasing

stress. The unloading wave vel~clties at higher

to 3 Wa, are 50% to’80% faster than. the loading

The stress-strain plots-in Figs. 5, 6 and 7

stresses,-2 GPa

wave velocity.

are stress-compression

(1 - v/vo) plots, but the assumption made is that all the compression-ip

qniaxial with no lateral particle motion involved. The greatest stress-

strain hysteresis is exhibited by planar impact perpendicular to the

bedding, and the extent of the hysteresis decreases with the angle to the

bedding. It is not known if the extent of hysteresis can be correlated

with permanent deformation since complete unloading is

with the techniques used here. The data is not suffic’

the width of the stress-strain hysteresis with oil sha’

not measured

ent to correlate

e density.
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TABLE i. Composition of Oil Shales from the “
. .

Anvil Points Mine, Rifle, Colorado

( ●
I .

Whole Shale Dolomite Quartz Analcime Calcite AlbitQ’. Kerogen “

Dens i ty 2.85 2.65 2.25” 2.65 2:62 ‘ 1.05

(Mg/#)

Vol.%a Vol .%a Vol .%a Vol .%= Vol.%a “ “vol.%b” Ut.%b “

1.530

1.570

1.760

1.760

1.878

1.893

1.946

2.028

2 ● 040

“ 2.055

2.177

2.307

2.520

35

35

45

43

45

45

35

43

43

35

35

34

30

25

25

28 “

20

23

23

25

20

20

25

25

34 .

22

25.

25

]7

30

22

22

20

%0

%0

20

20

8

1’3

%()

%0

,%()

%0

%()

%()

15

10

10

15

10

8

13

. 15 69. 47

15 67 45:- ‘

10 56 34

7 55. 33

910 49 28

10 48 &!7

5 44 2h

27 42 22
i

27 41 22

5. 37 19

10 29 -14

16 23 11

22 8 3

a. An estimate of the volume percent ’’from among the crystalline constituents, based on x-ray powder

diffraction patterns. k,

b. The volume and weight percents of kerogen for the whole shale calculated from the sample density and

3 for these shales. ‘the calculated density of the mineral constituents~ a~ways between M and 2.7 Mgh



Fig. 1. Elastic wave velocities in transverse isotropic oil

shales having densities ranging from 1.4 tlg/ri3 to

f
2.4 Hg/m3.
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Fig. 2. The free. surface velocity of an oil shale plate that

has been impacted with a thin plate of similar material..

The history was dedticed from data recorded by the capacitor

technique. ,. *-
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fig. 3. A front Vic:i of d target plate (a) and a cross-sectional

view,of an impact experiment (b). .The view, (a), shr~s

the arrangement of the shale samples ,In ths target plate)

machined from Al. Six samples, D, of diffcrer?t densities

ad orientations are mounted in the target plate, B. Each

3“”sample is baclsd with low density (0.015 Hg/m ) plast~$

foam, H, to facilitate mounting the specimens’ impact sur-

faces flush kith the target platess surface. The specimens

are held in tl]e plate with a thin layer of epoxy. Shorting

pins, C, of various lengths are used to determine.the

velocity of the

impact plate is

impact *late, G. The front surface of the

covered with a 0.01 nun thick Al foil shorted

to the projectile, E. A pulse is generated on a repetitive

time-marked oscilloscope sweep as each charged pin is shorted.

The muzzle of the 3 m long, high pressure gas gun used to

drive the projectile is labeled A, the target plate mounting

screws are labeled 1, and the unsupported area behind the

impact plate is labeled F.
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Fig. 4. :~,c tension to which the oil shale samples of various

orientations, 9 = 0°, 45° and 90°, and densities were

subjected. For e = 0°, the bedding of the shale was

perpendicular to the plane of impact or parallel to

the direction of impact. For e = 45°, the bedding was

at 45°to both the plane of impact and dlr-ction of impact.

And for~ = 90°, the bedding was parallel to the }lane

of impact and perpendicular to the direction of impact.

The open circles denote no fracture, the half circles

indicate that the samples cracked but didn’t completely

fracture, and filled circles denote that fracture occurred.
,
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Fig. 5. Res&nse of oil shale (p = 1.89 Hg/m3, e ~ 0°)

to planar shock loading and unloadlng.
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‘

};g. 6. Response.of oil shale (P = 2.19 Mg/M3, e = 30°)

to planer shock loading and unloading.
#’
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Fig. 7.. Response of oil shale (p * 2.08 Mg/m3, 6 = >3°)

to planar shack loading and unloading.
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